a small proportion of AD cases (~2%), and is inheritable in an autosomal dominant manner due to mutations in one of three genes [amyloid-β protein precursor (AβPP); presenilin-1, PS1; and presenilin-2, PS2]. However, the etiology underlying sporadic AD (sAD), which accounts for more than 98% of AD cases, is complex and multi-factorial (Galimberti et al. 2006) . Despite current intensive research, the mechanisms modulating the pathogenesis of sAD are poorly defined and effective treatments have yet to be identified. Notably, epidemiological studies reveal that adverse lifestyle factors including stress play a key role in modulating AD progression (Pardon 2011; Zverova et al. 2013) . In fact, hypothalamicpituitary-adrenal axis dysfunction as well as elevated levels of cortisol in plasma and cerebrospinal fluid (CSF) are found in AD patients (Umegaki et al. 2000; Csernansky et al. 2006; Hoogendijk et al. 2006; Huang et al. 2009; Brureau et al. 2013) . Furthermore, recent studies in animal models have found that stress and stress hormones, including glucocorticoids (GCs; cortisol in humans and corticosterone in rodents) and corticotrophinreleasing hormone (CRH) play a crucial role in AD pathogenesis by modulating Aβ production and degradation and stimulating tau pathology (Kulstad et al. 2005; Green et al. 2006; Jeong et al. 2006; Kang et al. 2007; Rissman et al. 2007 Rissman et al. , 2012 Dong et al. 2008 Dong et al. , 2012 Sotiropoulos et al. 2008 Sotiropoulos et al. , 2011 Catania et al. 2009; Li et al. 2010; Cuadrado-Tejedor et al. 2012; Filipcik et al. 2012; Rothman et al. 2012 ). In addition, using a glucocorticoid receptor antagonist strategy, we have reduced Aβ and tau levels and restored cognitive performance in 3xTg-AD mice (Baglietto-Vargas et al. 2013) . Together, these findings suggest that stress and several stress mediators, play key roles in modulating AD pathogenesis.
The effects of stress on cognitive function have been extensively studied (McEwen 2007; Arnsten 2009; Maras and Baram 2012; Schwabe et al. 2012) . Indeed, several lines of evidence support the importance of stress duration on cognitive function (McEwen 2007; Arnsten 2009; Maras and Baram 2012; Schwabe et al. 2012) . Acute stress, lasting seconds to minutes, enhances learning and memory; however, chronic stress, lasting weeks, generally impairs these processes (Bullitt 1990; Chan et al. 1993; Cullinan et al. 1995; Emmert and Herman 1999; Chowdhury et al. 2000; Jankord and Herman 2008; Schwabe et al. 2012) . In addition, specific modalities of stress (physical or psychological) have distinct effects on cognitive function (Cullinan et al. 1995; Emmert and Herman 1999; Dayas et al. 2001; Watts and Sanchez-Watts 2002; Day et al. 2004 ). This matter is extremely important, because modern-life stress often involves multiple concurrent psychological, social, and physical stresses (Maras et al. 2014) . Given that modern-life stressful experiences are not unitary or discrete, it is fundamental to elucidate the effect of multiple concurrent stresses on the onset and progress of AD pathogenesis.
Here, we investigate the impact of short-term, multi-modal modern-life like stress on AD progression and its implication in synaptic plasticity and cognitive function. We found that short-term multimodal stress lasting for 5 h significantly reduced the number of the spines in 3xTg-AD mice compared to non-transgenic (Ntg) mice. In addition, short-term, multimodal stress increased Aβ-oligomers by modulation of amyloid-β protein precursor (AβPP) processing via upregulation of beta-site amyloid precursor protein-cleaving enzyme 1 (BACE-1) steady state levels without altering Aβ degradation. Overall, our data suggest that short-term stress recapitulating salient features of modern-life conditions promotes synaptic and memory loss and accelerates AD pathogenesis.
Material and methods

Transgenic mice
Here, 5-6 months old homozygous 3xTg-AD and Non-transgenic (Ntg), 10-12 mice per group (males) were used. All mice (Ntg and 3xTg-AD) had the same genetic background (hybrid 129/C57BL6 background). The characterization of 3xTg-AD mice has been described previously (Oddo et al. 2003) . Briefly, two independent transgenes encoding human APP Swe and the human tau P301L (both under control of the mouse Thy1.2 regulatory element) were co-microinjected into single-cell embryos harvested from homozygous mutant PS1 M146V knockin (PS1-KI) mice (Oddo et al. 2003) . All animal procedures were performed in accordance with National Institutes of Health and University of California guidelines and Use Committee at the University of California, Irvine.
Stress paradigm
A multimodal short-term stress paradigm was employed in the current study (Chen et al. 2008 Maras et al. 2014) . Briefly, Ntg and 3xTg-AD mice were restrained singly in 50-mL tubes (Corning Incorporated, Corning, NY, USA) that were ventilated and allowed urine exit. Mice were placed 5 per cage on a rapid laboratory shaker in a brightly lit room accompanied by a loud noise generated by a random noise-generator (dB level < 80; frequency 80-300 Hz) for 5 h (Chen et al. 2008 Maras et al. 2014) . Following the stress, mice were returned to their home cages. Control animals from both genotypes were kept in the housing room without manipulation. Afterwards, all four groups of mice (Ntg, Ntg-stress, 3xTg-AD and 3xTg-AD-stress) were subjected to a novel object recognition task, and subsequently killed. (Fig. 1a) .
Novel object
Before testing, each mouse was habituated to an empty Plexiglas arena (45 × 25 × 20 cm) for 6 consecutive days. The lighting intensity in each behavioral task was measured at 44 lux. The arena and the stimulus objects were cleaned thoroughly between trials and ensure the absence of olfactory cues. If an animal did not explore both objects during the training phase for any behavioral task, the test was not scored. During the scoring procedure, because some mice exhibited freezing or fearful behavior on introduction to the chamber, scoring did not start until the mice physically moved from their initial starting position, which was always in the corner closest to the familiar object. Animal exploration was considered if the mouse's head was within 2.54 cm of the object, with its neck extended and vibrissae moving. Simple proximity, chewing, or standing on the object did not count as exploratory. All exploratory segments and tests were videotaped for scoring purposes.
For the novel object recognition testing, mice were exposed to two identical objects placed at opposite ends of the arena for 10 min. 6 h later, mice were presented for 3 min with one of the familiar and a novel object of similar dimensions. The discrimination index represents the percentage of the time that mice spend exploring the novel object (Baglietto-Vargas et al. 2013) .
Tissue preparation
After deep anesthesia with sodium pentobarbital (60 mg/Kg), Ntg and 3xTg-AD control and stressed mice were perfused transcardially with 0.1 M phosphate-buffered saline (pH7.4). Protein extracts were prepared by homogenizing the hippocampus samples in T-per (Thermo Fisher Scientific, Rockford, IL, USA) extraction buffer (150 mg/mL), complemented with proteases inhibitor (Complete Mini Protease Inhibitor Tablets, Roche Diagnostics GmbH, Germany) and phosphatases inhibitor (5 mmol/L, Sigma-Aldrich, St. Louis, MO, USA), followed by centrifugation at 100 000 g for 1 h. After that, the pellet was resuspended with 70% formic acid followed by centrifugation at 100 000 g for another hour. Protein concentration in the supernatant was determined using the Bradford assay.
For Golgi staining, Ntg and 3xTg-AD mice were perfused transcardially with 0.1 M phosphate-buffered saline (pH 7.4) and brains were processed using superGolgi Kit (Bioenno Tech LLC, Santa Ana, CA, USA). Briefly, brains were incubated for 11 days in impregnation solutions, followed by 2 days incubation in a post-impregnation solution. Once the impregnation of neurons was complete, thick (150 μm) free-floating sections were obtained using a HA752 vibratome (Campden Instruments Ltd, Lafayette, IN, USA) and serially collected in a mounting buffer. Sections mounted on coated slides were stained and post-stained, respectively for 20 min, dehydrated in graded ethanol, cleared with xylene, and coverslipped with dibutylphthalate polystyrene xylene (DPX) mounting medium.
Dendritic spine analysis
Two independent methods/approaches were employed in this study to analyse the number and density of dendritic spines. We determined the number of the spines in the CA3 hippocampal region using the stereological fractionator method. We augmented the analysis by examining the density of dendritic spines on pyramidal cells in CA3 hippocampal region using the NeuronStudio software (NeuronStudio Documentation © CNIC, Mount Sinai School of Medicine, New York, NY). Thus, stereological quantifications were performed using Stereo-Investigator software from Microbrightfield Bioscience (MBF Bioscience, Williston, VT, USA) to determine the number of spines in the stratum radiatum (SR) and stratum lacunosum-moleculare of the hippocampal CA3 region. Briefly, every 2nd section was used through the entire antero-posterior extent of the hippocampus (between −1.46 mm anterior and −3.40 mm posterior to Bregma according to the atlas of Franklin and Paxinos, Third Edition, 2007) . SR and stratum lacunosum-moleculare in the CA3 region were defined using a 5× objective and spines were counted using a 100x/1.4 objective. The numbers of the spines were obtained following the optical fractionator methods (West 1999; BagliettoVargas et al. 2010) . In this study, we used a counting frame of 25 × 25 μm, a sampling grid of 200 × 200 μm, a guard zone of 10 μm and disector height of 50 μm. The precision of the study was estimated by calculating the coefficient of error (CE) (Gundersen et al. 1999) . The CEs value for each individual animal ranged between 0.03 and 0.08.
NeuronStudio software was utilized to determine the number of spines per dendritic length (Rodriguez et al. 2006 (Rodriguez et al. , 2008 . Briefly, 10-13 images stacks were collected in Ntg and 3xTg-AD from the SR and SLM layer, respectively in the CA3 hippocampal area. The images were collected, using 100x/1.4 oil objective from a Zeiss AxioImager M2 microscope (Zeiss, Thornwood, NY, USA). Next, images were modified to greyscale with 8 bit-depth using Image J (NIH, Bethesda, MD) 1.36b software. Then, NeuronStudio software was used to perform unbiased and automatic spines quantification per dendritic length. An investigator who was blind to the experimental condition (treatment and genotype) performed the spines quantification and analysis.
Immunoblotting
Equal amounts of protein (20 μg) were separated on 4-12% Bis-Tris gel (Invitrogen, Carlsbad, CA, USA), and transferred to nitrocellulose membranes. Membranes were blocked for 1 h in 5% (w/v) suspension of nonfat milk in 0.2% Tween 20 Tris-buffered saline (TBS) (pH 7.5). After blocking, the membranes were incubated overnight at 4°C, with one of the following primary antibodies: anti-APP-CT20 (1 : 1000) for C99 and C83 (Calbiochem, San Diego, CA, USA), desintegrin and metalloproteinase domain-containing protein (ADAM)10 (1 : 1000), ADAM17 (1 : 1000), BACE-1 (1 : 1000), HT7 (1 : 5000) and AT8 (1 : 1000) (Thermo Scientific), PHF1 (Dr Peter Davies, Albert Einstein College of Medicine, Manhasset, NY, USA), anti-CRH (1 : 500) (Sigma-Aldrich), anti-CRHR1 (1 : 1000) (Everest Biotech, Ramona, CA, USA), anti-insulin-degrading enzyme (IDE) (1 : 1000), anti-neprilysin (CD10) (1 : 1000), anti-apolipoprotein E (1 : 1000) and antiGlyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1 : 5000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). The membranes were washed in Tween-TBS for 20 min and incubated at 20°C with the specific secondary antibody at a dilution of 1 : 10 000 (Pierce Biotechnology, Grand Island, NY, USA) for 60 min. The blots were developed using Super Signal (Thermo Scientific).
Aβ-Elisa
Aβ levels were quantified using the MSD96-well multi-spot 6E10 Aβ triple ultra-sensitive assay kit, according to the manufacture's instruction (Meso Scale Discovery, Rockville, MD, USA). T-Per soluble fractions were loaded directly onto the ELISA plate, and the formic acid supernatants (insoluble fractions) were diluted 1 : 2 in neutralization buffer (1 M Tris-base and 0.5 M NaH 2 PO 4 ) before loading. Standards (including Aβ 1-38 , Aβ 1-40 , and Aβ 1-42 ), and samples, were added to the 96-well plate and incubated overnight, washed, and read in a Sector Imager plate reader Meso Scale Discovery (MSD), immediately after addition of the MSD read buffer. Aβ concentration was calculated with reference to the standard curves and expressed as picograms per micrograms of proteins.
Dot-blot
Equal amounts of protein (3 μg) were transferred into the nitrocellulose membranes. Membranes were blocked for 1 h in 5% (w/v) suspension of non-fat milk in 0.2% Tween 20 TBS (pH 7.5). After blocking, the membranes were incubated overnight at 4°C, with one of the following primary antibodies: anti-A11 (1 : 1000, Life technologies, Grand Island, NY, USA) and anti-OC (1 : 3000, EMD Millipore, Billerica, MA, USA). The membranes were washed in Tween-TBS for 20 min and incubated at 20°C with the specific secondary antibody at a dilution of 1 : 10 000 (Pierce Biotechnology) for 60 min. The blots were developed using Super Signal (Thermo Scientific).
Plasma corticosterone
A corticosterone competitive ELISA kit (Assay Systems, Ann Arbor, MI, USA) was used to measure corticosterone levels as per the instructions of the manufacturer. Plasma samples were diluted 1 : 50 in the bugger provided.
Cell culture
N2A cells were maintained in Dulbecco's modified Eagle's medium (invitrogen) supplemented with 10% fetal bovine serum (FBS). For experiments, equal numbers of cells (100 000 cells per well) were plated down in 6-well plates. Wells were treated 24 h later by removal of media and replacing with 2 mL of fresh media containing CRH (Bachem, Torrance, CA, USA) at a final concentration of 10 and 50 nM. Control wells contained fresh media only. After a treatment period of 5 h, cell lysates were collected using M-per (Thermo Fisher Scientific) extraction buffer (150 mg/mL), complemented with proteases inhibitor (Complete Mini Protease Inhibitor Tablets) and phosphatases inhibitor (5 mmol/L, SigmaAldrich), followed by centrifugation at 100 000 g for 1 h. Protein concentration in the supernatant was determined using the Bradford assay.
Quantitative and statistical analyses
All data were quantitatively analyzed using Image J 1.36b software. The data were subsequently analyzed by Student's t-test comparisons and one-way or two-way analysis of variance (ANOVA), followed by Bonferroni's comparisons using Graphpad Prism software (Graphpad Prism Inc., San Diego, CA, USA). The significance was set at 95% of confidence. All values are presented as mean ± SEM.
Results
Short-term modern life-like stress impairs memory
Single traumatic and emotional experiences are experienced by humans, and may contribute to age-related cognitive decline as well as to the development of neurodegenerative disorders such as AD. To model this, we subjected non-transgenic and 3xTg-AD mice to a single short multimodal stress paradigm, and tested their hippocampal-dependent memory 8-h later using novel object recognition, which involves hippocampal and parahippocampal structures, although cortical areas are also involved in this behavioral test (Broadbent et al. 2010) . Memory of wild-type mice subjected to stress was impaired compared to non-stress controls, consistent with previous studies (Chen et al. 2008 . The 3xTg-AD mice were already impaired and no further deficits were found (Fig. 1b) .
Short-term modern life-like stress severely affects dendritic spines in 3xTg-AD mice
Dendritic spines are dynamic structures whose plasticity is thought to underlie learning and memory process (Rochefort and Konnerth 2012; Koleske 2013) . Importantly, several lines of evidence revealed that stress and/or stress mediator are important factors that impair the function and stability of dendritic spines (Chen et al. 2008 Andres et al. 2013; Maras et al. 2014) . Given that, we analyzed the impact of short modern-life like stress on dendritic spines in the 3xTg-AD mice in comparison to Ntg mice. In our current study, we focused on the CA3 hippocampal area because many of the structural and functional consequences of stress on hippocampus occur in this area.
The total number of spines in CA3 area (Fig. 2) and the density of spines in CA3 pyramidal cells (Fig. 3) were investigated in the current study. Stereological quantifications in the stratum radiatum (sr) and stratum lacunosum-moleculare (SLM) of CA3 hippocampus shows a significant reduction in the total number of dendritic spines in 6-month-old stressed 3xTg-AD mice compared to non-stressed-matched mice (Fig. 2d1 and e1 ), 8 h after the short multimodal stress paradigm. Interestingly, all types of spines were affected in 3xTg-AD mice (including thin, mushroom, and stubby) in SR and SLM of hippocampal CA3 (Fig. 2 b3-b4, c3-c4, d2-d4, and e2-e4). This was in contrast to Ntg stressed mice, where only thin spines were significantly affected in both sr and slm layer (Fig. 2 b1-b2 , c1-c2, d3 and e3), while mushroom and stubby were not affected. These data are in accordance to previous studies that have shown that short-term stress affects mainly thin spines (Chen et al. 2008 .
In CA3 pyramidal cells area (Fig. 3a1-a4 and b1-b4) , a significant decrease in the density of the total spines in stressed 3xTg-AD mice was observed in both sr and slm layers (Fig. 3 c1  and d1 ). In addition, only thin spines were significantly affected in Ntg-stressed mice compared to non-stressed matched mice (Fig. 3 c3 and d3 ) while in 3xTg-AD mice significant decreases in the densities of all types of spines occurred (Fig. 3 c2-c4 and d2-d4). In sum, short modern-life like stress significantly reduces the number of dendritic spines in 3xTg-AD mice, and this effect is global compared to the selective effect on thin spines found in Ntg mice.
Short-term modern life-like stress increases Aβ pathology
To determine why short-term stress has more severe effects on spine densities in 3xTg-AD mice than in Ntg mice, we evaluated if short multimodal stress paradigm had any effects on Aβ or tau pathology. Soluble and insoluble Aβ levels, measured by ELISA assay, show an increase in the levels of Aβ 1-38 , Aβ 1-40 , and Aβ 1-42 ( Fig. 4a and b) . In addition, dot-blot analysis showed elevated levels of A11-and OC-positive Aβ oligomers, in 3xTg-AD mice exposed to short-term multimodal stress, compared to non-stressed 3xTg-AD mice ( Fig. 4c  and d) . We further examined whether the increase on Aβ induced by short-term multimodal stress was caused by any change in AβPP processing. Steady-state levels of full-length AβPP holoprotein were unaffected between stressed and non-stressed 3xTg-AD mice ( Fig.  4e and f) . Notably, the C-terminal fragments (CTFs), which are membrane stubs produced by APP cleavage, were significantly increased in 3xTg-AD stressed versus non-stressed mice ( Fig. 4g and 4h) . Steady-state levels of constitutive proteases, including α-secretases (ADAM 10 and 17) and β-secretase (BACE1), involved on AβPP processing using western blot analysis shows significant increases in BACE1 and ADAM 17 in stressed 3xTg-AD mice compared to non-stressed 3xTg-AD mice. Additionally, we evaluated the effect of stress on the major putative Aβ clearance pathways, including IDE, neprilysin and apolipoprotein E, and find no differences ( Fig. 4i and j) . Our data indicate that the increase on Aβ levels induced by short modern-life like stress is likely caused by triggering AβPP processing.
We next investigated the effect of short multimodal stress on tau in the 3xTg-AD mice. Western blot analysis revealed that neither steady-state tau nor phospho-tau species recognized by antibodies AT8 (Ser199/202) and PH1 (Ser396/404) were altered by multimodal stress 8 h after its termination ( Fig. 5a and b) . These data are consistent with a previous study in that phospho-tau levels returned to baseline level after 90 min of acute stress (Rissman et al. 2007 ).
Levels of CRH prepropeptide are increased in 3xTg-AD mice after short-term modern lifelike stress
We next sought to determine the potential mechanism by which short multimodal stress could increase Aβ levels in 3xTg-AD mice. Previous studies in animal models showed that several stress mediators such as GC and CRH influence Aβ pathology via modulating AβPP production or Aβ degradation (Kulstad et al. 2005; Green et al. 2006; Jeong et al. 2006; Kang et al. 2007; Dong et al. 2008 Dong et al. , 2012 Catania et al. 2009; Li et al. 2010; CuadradoTejedor et al. 2012; Rothman et al. 2012) . Therefore, we measured the levels of both GC and CRH to determine whether these mediators could be the underlying cause of the increase in Aβ levels observed in stressed 3xTg-AD mice. We found that basal plasma corticosterone levels were elevated in 3xTg-AD mice compared to Ntg mice at 5-6 month of age (Fig. 6a) . However, no differences were observed between stressed and non-stressed mice in both Ntg and 3xTg-AD mice 8 h after of the end of multimodal short-term stress (Fig. 6a) . Western-blot analysis reveals significantly elevated steady state levels of likely CRH prepropeptide in 3xTg-AD stressed mice compared to non-stressed mice. In Ntg-mice, the differences in CRH levels between stressed mice versus non-stressed mice were not significant ( Fig. 6b and c) . Corticotropin-releasing hormone receptor 1 (CRH1) levels did not vary with genotype or treatment ( Fig. 6b and c) .
To determine whether CRH may regulate/increase Aβ levels, we turned to an in vitro system. We treated N2A cells with CRH and found that increased levels of CRH stimulate AβPP processing by increasing CTFs (Fig. 6d and e) . Together, our data suggest that elevated levels of CRH might contribute to increase Aβ in 3xTg-AD mice by stimulating AβPP processing.
Discussion
Epidemiological and animal studies suggest that adverse lifestyle factors such as chronic stress play a key role in modulating AD pathogenesis and further impair cognitive function (Umegaki et al. 2000; Csernansky et al. 2006; Hoogendijk et al. 2006; Huang et al. 2009; Pardon 2011; Brureau et al. 2013; Zverova et al. 2013 ). In fact, several studies suggest that stress and/or stress mediators (including GC and CRH) regulate Aβ pathogenesis via modulating key molecular factors involved in AβPP processing and Aβ degradation (Kulstad et al. 2005; Green et al. 2006; Jeong et al. 2006; Kang et al. 2007; Dong et al. 2008 Dong et al. , 2012 Catania et al. 2009; Li et al. 2010; Cuadrado-Tejedor et al. 2012; Rothman et al. 2012 ) and impairs tau pathology by modulating key kinases involved in tau phosphorylation or by mislocalizing tau protein to the somatodendritic compartment (Green et al. 2006; Rissman et al. 2007 Rissman et al. , 2012 Sotiropoulos et al. 2011; Filipcik et al. 2012) .
Although there has been an intense investigation in the last decade to elucidate the impact of stress on AD pathogenesis, the majority of these studies have been focused on the effect of acute (minutes) or chronic stress (days/weeks). However, these types of stress do not fully represent the diverse spectrum of modern-life stress that we experience nowadays. Modernlife stressful experiences are not unitary or discrete and involve multiple concurrent psychological, social, and physical stresses (Maras et al. 2014) . In order to mimic a shortterm modern-life stressful experience, such as in car accidents and shooting events, which often last for hours rather than minutes or days/weeks, mice were exposed to a multimodal type of stress consisting of concurrent psychological and physical stresses ). In addition, recent studies provide evidence that this short-term multimodal stress, lasting hours, may impact memory significantly and adversely (Maras et al. 2014) . The utilization of this technical approach has allowed us to determine the impact of a short-term, modern life-like stress event, on AD pathogenesis and its implication on synaptic plasticity.
Multiple key studies indicate that stress is an important modulator that affects synaptic plasticity and memory processes (Kim and Diamond 2002; Joels and Baram 2009; Lupien et al. 2009 ). One of the important regions in memory formation that is highly sensitive to stress is the hippocampus (Kim and Diamond 2002) . Interestingly, novel studies reveal that different types and durations of stress significantly influence synaptic plasticity and longterm potentiation (LTP) in complex manners that are governed by the duration, severity and complexity of the stress (Pavlides et al. 2002; Brunson et al. 2005; Wilson et al. 2007; Chen et al. 2008 Chen et al. , 2010 Cazakoff and Howland 2010; Ivy et al. 2010) . However, it is not known how short-term, multimodal stress affects synaptic plasticity in AD (Zhou et al. 2004; Segal 2005; Chen et al. 2007 ). Our study demonstrates that a short-term multimodal stress paradigm severely decreases the number of dendritic spines in the hippocampus of 3xTg-AD mice. In addition, mushroom, thin and stubby spines are all significantly affected in 3xTg-AD mice following short-term multimodal stress. In contrast, only thin spines are affected in Ntg mice, as previous studies have shown (Chen et al. 2008 . Hence, our findings indicate that modern lifelike stress severely diminishes dendritic spines in 3xTg-AD mice.
The fact that dendritic spines were severely diminished in 3xTg-AD mice compared to Ntg mice after exposure to short-term multimodal stress is an interesting phenomenon. To understand the molecular mechanism underlying this phenomenon, we hypothesized if short-term multimodal stress might severely affect synaptic plasticity in 3xTg-AD mice by modulating AD pathology. In this regard, multiple studies have revealed that stress or stress mediators (i.e., GC and CRH) trigger both Aβ and tau pathogenesis (Kulstad et al. 2005; Green et al. 2006; Jeong et al. 2006; Kang et al. 2007; Rissman et al. 2007 Rissman et al. , 2012 Dong et al. 2008 Dong et al. , 2012 Sotiropoulos et al. 2008 Sotiropoulos et al. , 2011 Catania et al. 2009; Li et al. 2010; CuadradoTejedor et al. 2012; Filipcik et al. 2012; Rothman et al. 2012 ). In agreement with theses studies, we found that a short-term multimodal stress event increases Aβ levels, and the formation of Aβ-oligomers. This augmentation in Aβ levels occurs in part by modulating AβPP processing and increasing CTFs levels. Thus, it is plausible that short-term multimodal stress might significantly diminish the dendritic spines by increasing Aβ levels. In this regard, accumulating evidence indicates that soluble oligomers and intermediate aggregates of amyloids are the most neurotoxic forms of Aβ leading to impairment of longterm potentiation, causing synaptic dysfunction, neuronal loss, and memory deficits (Galimberti et al. 2006; Walsh and Selkoe 2007) . In addition, we looked at tau levels, which appeared to be unaffected by exposure to multimodal acute stress. This finding is supported by a previous report performed by Rissman et al. (2007) , which showed that phospho-tau levels returned to baseline level after 90 min of acute restrain stress. Overall, our study suggests that increasing of Aβ-oligomers levels stimulated by modern life-like stress might impact the synaptic plasticity and induce a robust synaptic loss in the 3xTg-AD mice.
Previous studies revealed that several stress mediators, including GC and CRH, are able to trigger Aβ pathology (Green et al. 2006; Kang et al. 2007; Dong et al. 2008 Dong et al. , 2012 Li et al. 2010) . Several mechanisms are proposed by which Aβ pathology is triggered by these stress mediators, like AβPP misprocessing and by reducing Aβ clearance via decreasing the activity of IDE (Green et al. 2006; Kang et al. 2007; Dong et al. 2008 Dong et al. , 2012 Li et al. 2010) . Therefore, to determine how multimodal acute stress increases Aβ levels in 3xTg-AD mice, we analyzed the levels of both GC and CRH. Our study demonstrated that plasma GCs levels are elevated in 3xTg-AD mice at 6 months of age compared to Ntg mice; however, these differences are not significant, as a previous study has shown (Green et al. 2006) . In addition, no difference in plasma GCs was observed between 3xTg-AD-stressed and nonstressed 3xTg-AD mice. These findings are in agreement with a previous report by Trojanowski and group who found that after an induction of acute restrain stress, plasma GCs levels return to baseline level in 90 min (Carroll et al. 2011) . In our study, we measured plasma GCs level 8 h after the induction of multimodal acute stress; thus, as expected, no differences in GC levels between non-stress and stressed mice were found. In addition, we measured the levels of CRH and found significantly elevated steady-state levels of CRH in the hippocampus of 3xTg-AD stressed mice compared to non-stressed 3xTg-AD mice. CRH has been proposed to increase Aβ pathology, although its mechanism remains unclear (Kang et al. 2007; Dong et al. 2012) . We found that CRH significantly increases both Aβ and CTFs fragments. Therefore, our data suggest that CRH might trigger Aβ pathology via modulation of AβPP processing. However, we cannot discard the idea that GCs might also modulate Aβ levels via the induction of secondary messenger.
In conclusion, short-term, complex (multimodal) stress is a key factor that triggers AD pathogenesis and severely affects synaptic plasticity in 3xTg-AD mice. These findings support the concept that short-term, modern-life stress comprised of several modalities might augment AD pathology in preclinical AD patients. However, further studies will be necessary to determine the long-lasting effect of this short-term multimodal stress event in AD pathogenesis, and whether repetitive multimodal stress episodes may accelerate the pathological cascade of events, perpetuating the development of AD later in life. As a result, therapies aimed to reduce this type of stress might be a promising approach to mitigate AD pathology and alleviate cognitive impairments. All experiments were conducted in compliance with the ARRIVE guidelines. Multimodal acute stress severely impairs spine densities on CA3 pyramidal cells in 3xTg-Alzheimer's disease (AD) mice. (a and b) Light microscopy images of dendritic spines on pyramidal cells in CA3 subfield of sr (a1-a4) and slm (b1-b4) in Ntg (a1 and b1), Ntgstressed (a2 and b2), 3xTg-AD (a3 and b3) and 3xTg-AD-stressed (a4 and b4) mice at 5-6 months of age. Spines quantifications per dendritic length showed significant decreases in spine density of total spines observed in 3xTg-AD stressed compared to non-stressed 3xTg-AD mice in both sr and slm layers (c1 and d1). Furthermore, not differences were observed in Ntg-stressed versus non-stressed Ntg mice (c1 and d1). Quantifications based on types of spines (including mushroom, thin, and stubby) demonstrate that only thin spines are affected in Ntg-stressed mice compared to non-stressed Ntg (c2-c4 and d2-d4), meanwhile all types of spines are affected in 3xTg-AD-stressed versus non-stressed 3xTg-AD mice (c2-c4 and d2-d4). The values represent the mean ± SEM (N = 5 per group). *p < 0.05, **p < 0.01 and ***p < 0.001. SR: stratum radiatum; SLM; stratum lacunosum-moleculare. Scale bars: 5 μm (a1-b4). (e) Immunoblot analysis of AβPP holoprotein and C-terminal amyloid precursor protein (APP) fragment (CTFs) C99 and C83 from hippocampal-brain homogenates of non-stressed and stressed 3xTg-AD mice at 5-6 month-old shown as alternating lanes. (f) Quantification of E normalized to GAPDH and expressed, as a % of control shows no differences in AβPP and C99 in non-stressed versus stressed 3xTgAD Multimodal acute stress elevates corticotrophin-releasing hormone (CRH) prepropeptide levels in 3xTg-Alzheimer's disease (AD) mice. (a) No significant differences were observed in plasma corticosterone levels from stressed and non-stressed Ntg and 3xtg-AD mice at 5-6 months of age measured 6 h after the end of the stress. (b) Immunoblot analysis of CRH and CRHR1 from hippocampal-brain homogenates of non-stressed and stressed 3 × Tg-AD mice at 6 month-old shown as alternating lanes. (c) Quantification of B normalized to GAPDH and expressed, as a % of control shows significant differences in CRH in non-stressed versus stressed 3 × TgAD mice (69.41 ± 15.29% two-way ANOVA, Turkey post hoc ***p < 0.05). In addition, no differences were detected in CRHR1 levels. (d) Immunoblot analysis of AbPP holoprotein and C-terminal amyloid precursor protein (APP) fragment (CTFs) from hippocampalbrain homogenates of non-stressed and stressed 3 × Tg-AD mice at 5-6 monthold shown as alternating lanes. (e) Quantification of A normalized to GAPDH and expressed, as a % of control shows no differences in AbPP in N2A cells. In addition, significant differences were observed in N2A cells treated with 50 nM of CRH versus control (46.23 ± 28.44%, one way ANOVA, Bonferroni post hoc p = 0.06). The values represent the mean ± SEM (N = 6-9). *p < 0.05.
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